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SPECIAL  ISSUE  ON  ION  CONDUCTIVE  POLYMERS 


ABSTRACT 


The  results  of  several  investigations  of  polyether-based  polymer  electrolytes  by  nuclear 
magnetic  resonance  (NMR)  spectroscopy  conducted  in  the  author’s  laboratory  and  by  other 
groups  are  reviewed.  For  both  ’U  and  “Na  NMR,  the  onset  of  motional  line-narrowing 
occurs  at  about  the  glass  transition,  illustrating  the  importance  of  polymer  segmental  motion 
to  ion  transport.  Examples  of  the  ability  of  NMR  to  probe  cation-anion  interactions  are 
discussed.  These  include  chemical  shift  variations  corresponding  to  different  Li^ 
environments  and  nuclear  quadrupole  coupling  and  relaxation  behavior  as  a  probe  of  Na^ 
environment. 


1  INTRODUCTION 


Solvent-free  polymer  electrolytes  based  on  poIy(ethylene  oxide)  (PEO)  or  other 
polyethers  have  been  studied  extensively  in  recent  years.  [1-3]  Because  the  ion  conducting 
phase  is  amorphous,  structural  information  that  could  shed  light  on  the  ion  transport 
mechanism  is  limited  to  essentially  nearest  neighbor  coordination.  Several  experimental 
techniques,  namely  extended  x-ray  absorption  fine  structure  (EXAFS),  [4]  vibrational  (e.g. 
infrared  and  Raman)  spectroscopy,  [5]  and  nuclear  magnetic  resonance  (NMR)  are  well- 
suited  to  probe  the  local  environment  of  ions  within  the  polymer  complex.  EXAFS  is  limited 
to  relatively  high-Z  elements  which,  unfortunately,  rules  out  studies  of  ionic  environments 
in  Li-  and  Na-containing  polymer  electrolytes.  Although  NMR  is,  of  course,  limited  to 
magnetic  nuclei,  both  ^Li  and  ^Na  are  very  accessible  due  to  their  favorable  nuclear 
properties  (gyromagnetic  ratio,  natural  abundance,  etc.).  NMR  can  also  be  utilized  to  probe 
dynamics  of  the  polyether  chains  via  *H  and  measurements  and,  in  some  cases,  to  study 
anion  motion.  An  example  of  the  latter  involves  the  use  of  '^F  NMR  for  appropriate  anions 
(e.g.  BF/  or  CF^SOj'). 

Although  it  is  well  established  that  ionic  conduction  depends  critically  on  host  polymer 
segmental  motions  occurring  in  the  amorphous  phase  (for  heterogeneous  materials  that  also 
have  a  crystalline  phase),  further  elucidation  of  the  specific  ion  transport  mechanism  is 
complicated  by  the  competition  between  cation-polyether  segment  and  cation-anion 
interactions,  where  the  latter  are  certainly  expected  to  be  significant  in  materials  with  salt 
concentrations  (4  -  20  ether  oxygens/cation)  intended  for  most  electrochemical  applications. 
Vibrational  spectroscopic  techniques  have  yielded  important  results  regarding  the  formation 
of  ion  pairs  or  higher  multiplets  under  a  variety  of  conditions  such  as  salt  concentration  and 
temperature.  [5]  In  cases  that  will  be  discussed  in  detail  later,  NMR  measurements  provide 
complementary  information  concerning  ion  association  effects.  An  important  point  to  be 
made  when  comparing  results  obtained  at  optical  and  radio  frequencies  is  that  the  formation 
of  an  ion  pair  or  cluster  is  apparently  a  dynamic  process.  In  particular,  exchange  between 
"free”  ions  and  ion  multiplets  may  occur  at  a  rate  that  is  fast  compared  to  NMR  time-scales 
but  slow  compared  to  optical  time-scales.  Consequently,  the  two  kinds  of  measurements 
would  give  different  interpretations  of  ion  association  phenomena. 


NMR  measurements  figure  prominently  in  studies  of  molecular  structure  and  dynamics. 
Although  the  most  common  use  of  NMR  involves  analytical  measurements  of  organic 
molecules  in  solution,  generally  referred  to  as  high  resolution  NMR,  an  extensive  array  of 
techniques  and  associated  hardware  exist  for  investigating  solids.  For  example,  cross¬ 
polarization  and  magic  angle  spinning  (CPMAS)  allow  the  acquisition  of  high  resolution 
spectra  in  solids.[6]  By  virtue  of  chemical  shift,  nuclear  dipolar  or  quadrupolar  interactions, 
NMR  is  extremely  sensitive  to  variations  in  short-range  structural  and  bonding 
arrangements,  which  makes  it  such  a  valuable  technique  in  studying  polymeric  or  otherwise 
disordered  materials.  However  in  addition  to  structural  information  obtainable  from  spectra, 
the  use  of  various  pulse  techniques  facilitates  the  measurement  of  relaxation  times  which 
are  of  particular  value  in  probing  ionic  or  polymer  segmental  dynamics.  For  example,  NMR 
has  long  been  considered  an  important  technique  in  studies  and  even  initial  screening  of 
solid  electrolytes.[7].  In  some  cases  ionic  self-diffusion  coefficients  can  be  measured  directly 
by  pulsed  field  gradient  (pfg)  methods.[8] 

The  basic  theories  and  methodology  of  NMR  can  be  found  in  several  textboolcs,[9]  while 
additional  review  articles  or  texts  provide  descriptions  of  specialized  applications  or 
techniques.  Among  the  latter  are  those  already  cited  [6-8]  as  well  on  reviews  on  NMR 
applied  specifically  to  polymer  electrolytes.[10].  The  following  section  contains  a  review  and 
discussion  of  recent  experimental  results  obtained  in  the  author’s  laboratory  and  by  other 
investigators  as  well.  The  review  and  discussion  will  focus  primarily  on  issues  directly  related 
to  ionic  mobility  and  cation-anion  interactions. 

2  REVIEW  OF  EXPERIMENTAL  RESULTS 

NMR  measurements  that  shed  light  on  the  phase  behavior  of  heterogenous  PEO-Li  salt 
complexes  were  pioneered  by  Berthier  and  co-workers.[ll]  In  addition  to  evaluating  the 
relative  fractions  of  crystalline  and  amorphous  phases  via  linewidth  and  relaxation  time 
differences  of  ’Li  nuclei  residing  in  the  two  phases,  the  NMR  results  provided  some  of  the 
earliest  evidence  that  ionic  transport  occurs  only  in  the  amorphous  phase.  That  ion  mobility 
is  highly  coupled  to  polymer  segmental  motion  is  convincingly  demonstrated  by  the 
observation  of  motional  NMR  line-narrowing  above  the  glass  transition  temperature  (T^). 


Though  there  are  many  examples  of  this  in  the  literature, [10  and  references  therein]  only 
several  cases  selected  from  investigations  in  our  laboratory  will  be  discussed  here. 

Before  reviewing  these  cases  we  mention  some  important  contributions  from  other 
groups  concerning  NMR  studies  of  ion  mobility  via  pfg  techniques.  As  discussed  in  the 
Introduction,  whereas  linewidth  and  relaxation  data  can  provide  only  a  qualitative 
description  of  ionic  diffusion,  pfg  measurements  can  yield  ionic  self-diffusion  coefficients 
directly.  Although  the  technique  is  limited  to  relatively  fast  diffusion  coefficients  (D  t  lO" 
’^mV')  and  sufficiently  long  spin-lattice  relaxation  times  (Tj  i:  100  ms),  pfg  measurements 
are  well-suited  for  measuring  Li*  transport  in  polymer  electrolytes.  Through  the  use  of 
NMR  and  the  commonly  employed  counterion  CF3SO3',  anion  transport  can  be  measured 
as  well.  These  measurements  were  first  applied  to  polymer  electrolytes  by  Mali  and  co¬ 
workers  [12]  and  later  by  Bhattachaija  and  co-workers  [13].  An  important  conclusion  of  the 
latter  study  was  that  cation  and  anion  mobilities  are  comparable,  a  result  which  has  been 
verified  by  other  "direct"  techniques  such  as  radiotracer  diffusion  [10(a)]  or  electrochemical 
transference  number  measurements.  [14]  It  is  now  known  that  anion  transference  numbers 
can  often  be  greater  than  0.5.[2,3]  Recently  pfg  measurements  have  been  performed  on  low 
molecular  weight  analogues  of  PEO  complexed  with  LiCF3S03.[15]  Deviations  between 
measured  and  calculated  (on  the  basis  of  the  Nemst-Einstein  relation  and  measured  ionic 
diffusivity)  conductivities  were  interpreted  as  evidence  for  short-lived  ion-pairs,  or  at  least 
strongly  correlated  cation  and  ion  motions.  However  these  deviations  were  only  significant 
at  low  salt  concentrations  or  high  values  of  reduced  temperature,  leading  to  the  conclusion 
that  single-ion  (both  cations  and  anions)  transport  processes  dominate  the  conductivity  at 
high  salt  concentrations.[15] 

Returning  to  the  observation  of  motional  line -narrowing  as  useful  means  of 
characterizing  polymer  electrolytes,  a  recent  study  [16]  of  polymer  electrolytes  based  on 
composites  of  poly[bis((methoxy-ethoxy)ethoxy)phosphazene]  (MEEP)  and  PEO  or 
poly(propylene  oxide)  (PPO)  complexed  with  lithium  salts  provides  an  illustration  of  the  use 
of  NMR  in  characterizing  cation  mobility  in  materials  with  complicated  phase  diagrams. 
Figure  1  displays  the  ’Li  linewidths  of  seven  samples  as  a  function  of  temperature  whose 
compositionsja^^^^are  summarized  in  the  figure  (Fig.l  is  taken  from  [16]).  The  most 
obvious  feature  of  the  temperature  dependence  is  the  onset  of  motional  line-narrowing 


corresponding  to  of  the  respective  samples.  Samples  with  a  relatively  high  PEO  content 
also  exhibit  a  discontinuity  in  linewidth  as  the  material  is  heated  above  the  melting  point 
of  PEO.  That  this  discontinuity  is  not  observed  upon  cooling  reflects  the  slow 
recrystallization  kinetics.  This  behavior  is  similar  to  that  reported  in  earlier  studies  of  PEO- 
salt  complexes.[10]  A  third  noteworthy  feature  of  the  data  in  Fig.l  is  that  the  samples 
containing  LiBF4  have  rigid  (low  T)  linewidths  that  are  about  25%  greater  than  those 
of  the  samples  containing  LiC104.  It  will  be  shown  later,  for  other  polymer  electrolyte 
materials,  that  the  origin  of  this  additional  broadening  lies  in  the  heteronuclear  ’Li  -  '’F 
dipolar  interaction.  Because  nuclear  dipole  interactions  fall  off  as  the  third  power  of  the 
internuclear  separation  this  provides  a  clear  indication  of  close  cation-anion  proximity.  We 
will  discuss  cation-anion  interactions  further  following  a  review  of  selected  ^Na  NMR 
results. 

^Na  has  many  desirable  properties  as  a  probe  of  ion  mobility  and  ion-ion  interactions 
in  polymer  electrolytes.  It,  like  ’Li,  is  a  spin-3/2  nucleus  and  is  therefore  subject  to  nuclear 
electric  quadrupole  interactions  which  are  a  rich  source  of  information  regarding  bonding 
configurations  and  motional  processes.  The  magnitude  of  the  ^Na  quadrupole  moment, 
relative  to  that  of  ’Li,  generally  allows  a  greater  degree  of  distinguishability  between 
different  kinds  of  ionic  environments.  For  example  Na*  solvated  by  polyether  oxygens  yields 
a  distinctly  different  NMR  response  than  Na*  residing  in  ion  clusters.  Another,  more  subtle, 
advantage  of  ^Na  NMR  arises  from  the  dynamics  of  the  process  by  which  the  central  ±  1/2 
transition  becomes  averaged  above  T^.  [10(b)]  In  particular,  there  are  three  distinct  features 
in  the  temperature  dependence  of  the  ^Na  central  transition  linewidth  that  correspond  to 
motional  correlation  times,  as  shown  in  Fig.2  (taken  from  [10(b)]).  This  is  in  contrast  to  the 
single  correlation  time  given  by  the  reciprocal  of  the  angular  Larmor  frequency  which  is 
associated  with  the  T,-minimum  in  spin-lattice  relaxation  measurements.  A  disadvantage  of 
^Na  is  that  spin-lattice  relaxation  times  in  the  mobile  phase  are  typically  several  hundred 
microseconds  which  precludes  the  use  of  pfg  techniques.  Temperature  dependencies  of  the 
^Na  linewidth  in  a  wide  variety  of  polymer  electrolytes  are  remarkably  similar  as  shown  in 
Fig.3.  The  data  in  Fig.3  correspond  respectively  to:  (a)  oxymethylene-linked  amorphous  PEO 
complexed  with  NaCF3S03  or  Nal;[17]  (b)  PPOgNaX,  where  X  is  I,  CIO4,  SCN,  CF3SO3  and 
(CF3S03)o^(I)oj;[18]  and  (c)  poly(monophenylsiloxane-co-ethylene  oxide)  complexed  with 


NaCF3S03.[19]  As  discussed  in  the  case  of  ’Li,  the  most  striking  feature  of  the  ^Na 
linewidth  temperature  dependence  is  the  onset  of  motional  line-narrowing  in  the  vicinity  of 
Tg  which,  for  all  of  the  samples  represented  in  Fig.3,  has  been  measured  directly  by  DSC. 
The  linewidth  reaches  a  minimum  value  and  then  broadens  with  further  increases  in 
temperature.  This  behavior  is  the  experimental  manifestation  of  the  calculated  dynamics  of 
central  transition  averaging  (in  half-integer  spin  systems)  shown  in  Fig.2.[10(b),20] 

The  general  shape  of  the  linewidth  vs.  T  curves  of  all  Na-containing  polymer  electrolytes 
studied  in  our  laboratory  is  roughly  constant,  although  Tg  varies  from  -200  K  in  siloxane- 
based  materials  [19]  to  305  K  in  PP08NaB(C6H5)4.[21] 

Careful  examination  of  the  ^Na  NMR  signal  often  reveals  two  lineshape  components, 
where  only  one  of  them  is  ass'"  -jd  with  mobile  Na"^  ions.  This  effect  is  most  evident  in 
high  molecular  weight  PPC  .i.plexes.  While  PPO  does  not  solvate  ions  as  strongly  as  PEO, 
due  to  its  lower  dielectric  constant  (relative  to  PEO)  and  steric  effects  associated  with  the 
methyl  group,[22]  it  is,  for  precisely  this  reason,  an  extremely  useful  host  polymer  for 
studying  cation-anion  interactions.  In  addition,  the  amorphous  nature  of  PPO  complexes 
frees  them  from  the  complications  associated  with  heterogeneity  in  PEO  complexes.  Figure 
4  shows  two  components  of  the  total  “Na  free  induction  decay  (FID)  of  PPOgNal  at  329  K 
[23].  The  components  are  easily  separable  by  their  different  Tj’s,  the  short  Tj  (~ms) 
component  corresponding  to  mobile  Na*  ions  solvated  by  the  polymer  segments  while  the 
longer  Tj  (s)  component  is  associated  with  immobile  ion-clusters.[  18,23]  An  important 
precaution  that  must  be  observed  in  such  measurements  is  to  use  quartz  rather  than  pyrex 
sample  tubes  because  the  latter  cont^  sodium.  In  fact,  even  the  external  (to  the  rf  coil) 
dewar  of  the  variable-temperatur^robe  can  interfere  with  the  "immobile"  Na  signal  in 
cases  where  the  integrated  intensity  of  the  immobile  fraction  is  only  a  few  percent  of  the 
total  integrated  signal.  Nevertheless  it  has  proven  possible  to  observe  changes  in 
mobile/immobile  ion  ratios  as  a  function  of  T  in  a  manner  analogous  to  the  previously  cited 
Raman  measurements  by  Kakihana  and  coworkers. [5(c)]  In  most  cases  of  the  PPO-Na  salt 
complexes  studied,  the  mobile  ion  concentration  exhibits  a  slow  increase  with  increasing  T 
and  then  a  decrease,  which  often  culminates  in  the  salt  precipitating  out  of  the  polymer.[17] 
Figure  5  displays  the  ^^Na  spectrum  of  PP08NaC104  at  413  K  (from  [18]),  which  is 
approximately  the  temperature  at  which  the  salt  precipitates  out  as  measured  by  DSC.  The 


spectrum  clearly  exhibits  separate  components  due  to  precipitated  salt  and  Na*  ions 
remaining  in  the  polymer  complex.  For  comparison  a  partially  saturated  spectrum  is  also 
shown,  illustrating  the  vastly  different  Tj’s  of  the  two  components.  Tj  values  of  precipitated 
salt  are  similar  to,  though  somewhat  longer  (typically  by  a  factor  of  -2  -  3  )  than,  those  of 
the  immobile  ion  clusters  corresponding  to  Fig.4. 

Although  the  kinds  of  interactions  observable  by  ^Na  NMR  are  not  generally  as 
apparent  with  ^Li  NMR  (of  course,  one  of  the  reasons  for  this  may  involve  chemical  factors 
that  have  nothing  to  do  with  NMR),  there  are  some  exceptions.  An  example  of  this  is  shown 
in  Fig.6,  which  depicts  the  full  and  partially  saturated  ’Li  spectra  at  elevated  T  (363  K)  of 
a  MEEP/PPO  mixture  complexed  with  LiQ04  (from  [16]).  X-ray  diffraction  has  revealed 
that  some  of  the  LiC104  comes  out  of  the  complex  at  elevated  T,  and  the  presence  of  the 
precipitated  salt  is  manifested  in  the  extra,  easily  saturable  spectral  component  in  Fig.6. 
Other  kinds  of  Li ^ -anion  association  that  fall  short  of  salt  precipitation,  i.e.  ion  pairing  and 
clustering,  are  less  visible  spectroscopically  than  in  their  Na  counterparts,  mainly  due  to  the 
large  quadrupole  interactions  associated  with  the  ’^Na  nucleus  in  a  low  symmetry 
environment.  In  particular,  ^Na  in  a  cubic  crystalline  salt  experiences  nearly  zero 
quadrupole  coupling  (except  for  that  associated  with  random  crystal  imperfections),  while 
^Na  solvated  by  ether  oxygens  is  characterized  by  very  strong  quadrupole  interactions.[^0f 
The  resulting  contrast  in  both  spectral  appearance  and  relaxation  behavior  between  Na  in 
precipitated  salt  or  ion  clusters,  and  Na  within  the  polymer  segment  enviromnent  is  thus 
large.  Different  Li*  environments  are  often  distinguishable  only  by  relaxation  behavior  or, 
in  some  cases,  by  small  chemical  shift  differences  for  which  MAS  techniques  must  be 
employed.  Although  no  specific  structural  picture  has  been  proposed,  close  proximity 
between  Li*  and  BF4‘  ions  in  PEG„LiBF4  complexes  (PEG  =  poly[ethylene  glycol,  and  n 
=  9  or  25]  at  low  T  (below  Tg)  has  been  observed  directly  via  the  ’Li  -  ‘’F  dipole-dipole 
interaction.[24]  Figure  7  [from  24]  shows  static  low-T  ’Li  spectra  of  PEG9LiBF4  which 
illustrate  separately  the  effects  of  'H  and  '’F  decoupling.  The  proton  decoupling  yields  a 
dramatic  decrease  in  linewidth  which  is  similar  to  that  reported  for  poly(propylene  glycol) 
(PPG)  complexes  by  Chung  and  coworkers,[25]  and  demonstrates  the  strong  dipolar  coupling 
between  ’Li  and  protons  associated  with  the  polyether  segments.  The  *’F  decoupling,  while 
not  as  dramatic,  does  reduce  the  central  portion  of  the  linewidth  by  -10%,  which  is 


approximately  the  difference  in  linewidth  between  these  samples  and  similar  materials 
containing  LiC104  instead  of  LiBF4.  Measurements  on  PEG25LiBF4  also  show  these  effects 
which  indicate  close  cation-anion  proximity  (at  low  T)  even  in  more  dilute  complexes.[23] 

With  regard  to  ion  pair  and  cluster  identification  in  Li-containing  polymer  electrolytes, 
O’Gara  and  coworkers  have  recently  utilized  CPMAS  ^Li  NMR,  which  appears  to  be  a 
promising  alternative  to  due  to  its  greater  chemical  shift  resolution.[26]  In  studies  of 
PE0:LiC104,  three  distinct  ®Li  peaks  were  assigned  to  different  kinds  of  dissociated  Li*  ions 
while  tW'  additional  peaks  assigned  to  isolated  ion  pairs  and  larger  clusters  were 
distinguished  on  the  basis  of  their  ‘H  cross  polarization  responses. [26] 

The  question  of  what  mechanism  drives  ion  association  and,  in  some  cases,  salt 
precipitation  in  polymer  electrolytes  remains  controversial.  Ratner  and  coworkers  discuss 
an  entropic  mechanism  which  is  related  to  volume  differences  between  the  polymer-salt 
complex  and  the  polymer  plus  precipitated  salt.[27]  On  the  other  hand,  dielectric 
measurements  of  PPO  coupled  with  salt  precipitation  trends  among  Na  salts  with  different 
anions  suggested  that  electrostatic  considerations  were  important.[23]  Although  a  more 
complete  model  for  ion  association  and  salt  precipitation  should  almost  certainly  include 
both  electrostatic  and  entropic  considerations,  measurements  in  our  laboratory  are  currently 
underway  which  should  provide  some  input  into  the  latter  factor.  In  particular,  ion 
association  in  Na-salt  PPG  as  a  function  of  host  polymer  molecular  weight  are  in  progress. 
Additional  information  on  ion  association  and  salt  precipitation  may  be  forthcoming  from 
hydrostatic  pressure  measurements.  Pressure  is  an  additional  thermodynamic  variable  whose 
modest  (-several  kbar)  application  can  yield  large  changes  in  ionic  conductivity  and  NMR 
linewidths  and  relaxation  times.  Previous  measurements  have  provided  evidence  of  a 
conductivity  activation  volume  that  is  consistent  with  strongly  correlated  motion  of  the  ions 
and  the  polymer  segments,  and  NMR  linewidths  suggest  a  shift  in  of  - 10  -  15 
K/kbar.[  19,23]  A  study  of  the  effect  of  hydrostatic  pressure  on  ion  association  is  also  in 
progress. 
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HGURE  CAPTIONS 


1.  Arrhenius  plot  of  ^Li  NMR  linewidths  in  MEEP/PEO  or  MEEP/PPO  mixtures 
complexed  with  Li  salts.  The  compositions  of  the  samples  are  listed  in  the  figure  (from  [16]). 

2.  Behavior  of  the  linewidth  (vertical  axis)  of  the  central  transition  in  a  spin-3/2  system 
(from  [10(b)],  adapted  from  [20]). 

3.  Reciprocal  ^Na  free  induction  decay  constant  Tj*,  which  is  proportional  to  the  linewidth, 
in  (a)  oxymethylene-linked  PEO^NaX,  where  X  =  CF3SO3  (diamonds)  and  I  (circles).  From 
[17];  (b)  PPOgNaX,  where  X  =  I  (circles),  CIO4  (crosses),  SCN  (stars),  CF3SO3  (diamonds) 
and  (CF3S03)o^(I)o^  (crosses  inside  circles).  From  [18];  (c)  poly(monophenylsiloxane-co- 
ethylene  oxide)  complexed  with  NaCF3S03  (from  [19]). 

4.  Two  components  of  ^Na  FID  in  PPOgNal  at  329  K,  corresponding  to  mobile  ions  (top) 
and  immobile  clusters  (from  [23]). 

5.  Full  (top)  and  partially  saturated  ^Na  spectra  of  PP08NaC104  at  413  K.  The  saturated 
portion  (left  half  of  the  top  spectrum)  corresponds  to  precipitated  salt. 

6.  Full  (top)  and  partially  saturated  ’Li  spectra  of  MEEP/PP0:LiC104  (from  [16], 
composition  of  sample  given  in  fig.l). 

7.  ’Li  spectra  in  PEG9LiBF4  at  -200  K.  (a)  full  spectrum;  (b)  proton  decoupled;  (c)  *’’F 
decoupled. 


<:4(s 


(Tg*)  ’  (103sec-i) 


:'A 

I  [i 

I  ^ 


I, 

V, 


4-’  > 

5  kHz 


T  =  90°C 


•2  -4 


40  kHz 


